This study presents a systematic examination of the effects of bath additives and deposition conditions on the rates of electrodeposition of bismuth, obtained morphologies, and the ability of the bismuth films to detect trace concentrations of lead. Novel morphologies of bismuth are reported for the first time. The bath comprises bismuth nitrate, nitric acid, and a set of additives, viz., citric acid (complexant), polyvinyl alcohol (surface inhibitor), and betaine (grain refiner).
INTRODUCTION
Electrodeposition of metal thin films have been studied extensively for a wide range of applications from decorative finishing to enhancements in mechanical, electrical, and catalytic properties. It is well known that introducing additives in the bath alter the rate of electrodeposition and possibly the mechanism, thereby resulting in qualitatively different surface morphologies, adhesion, and properties of interest. 1 In this work, the effects of bath additives and process conditions on electrodeposition of bismuth are examined systematically.
Bismuth thin films have evinced significant interest recently owing to a number of its attractive properties such as highly anisotropic Fermi surface, Dirac valley degeneracy, 2 small energy overlap between its valence and conduction bands, small effective charge carrier mass, long charge carrier mean-free path. 3 By introducing a semi-metal to semiconductor transition, it has been possible to enhance Seebeck coefficient of bismuth films, thereby making it an attractive thermoelectric material. 4 Owing to its long charge carrier mean-free paths, bismuth has shown Pine Instruments, Inc. A three-electrode system was used, with polycrystalline copper sheet as working electrode, platinum wire as counter electrode and Ag/AgCl as reference electrode. For bulk electrolysis, a polycrystalline copper cathode (1 × 2 cm 2 ) with stainless steel anodes kept parallel on either side was used. Prior to experiments, the copper foil was cleaned in acetic acid for five minutes, followed by ultrasonication in acetone and in ultrapure water for two minutes each, to remove oxide layers present. Morphology analysis was carried out using a FEI Quanta FEG 200 scanning electron microscope. Powder X-ray diffraction (XRD) studies were conducted on X'pert PRO of PANalytical diffractometer with Cu-Kα X-rays of wavelength (λ) 1.54056 A°.
X-ray photoelectron spectroscopy (XPS) studies were carried out in an Ultra High Vacuum (UHV) system with a base pressure of 1 × 10 -10 mbar. The system is equipped with a hemispherical electron energy analyzer (SPECS Phoibos 150), a delay-line detector and a monochromatic Al Kα (1486.74 eV) X-ray source. High resolution spectra were recorded at normal emission take-off angle and with a pass-energy of 20 eV, which provides an overall instrumental peak broadening of 0.5 eV.
RESULTS AND DISCUSSION

Voltammetric Studies of Bismuth Deposition:
The effects of bath additives on bismuth deposition have been examined by using cyclic voltammetry (CV) and linear sweep voltammetry on a rotating disk electrode (LSV-RDE). The additives considered for this study include a complexant (citric acid, CA, 0.1 or 0.2 M), surface inhibitor (polyvinyl alcohol, PVA, 5 grams per liter, gpl), and a grain refiner (betaine, BET, 0.01 M). Their structures are given in Figure   S1 (a-c). Linear sweep voltammograms on rotating disk electrode shows limiting currents for all four systems studied ( Figure 1a and Figures S2a-c) . It is of interest to note that introducing additives does not change the rate-limiting step of the process, which remains diffusion. The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 decreased slopes of the results fitted to Levich equation indicate that the diffusion coefficient of bismuth ions further decreases with the introduction of additives. LSV-RDE results, shown in Figure 1a , confirm that the deposition is diffusion-controlled, as evidenced from the limiting currents that increase with the rate of rotation of the electrode according to the Levich equation
where n is the number of electrons transferred in the reduction reaction (n = 3), F is Faraday's constant (96487 C/mol), A is the area of the electrode, D is the diffusion coefficient of the bismuth ion, ω is the speed of rotation of the electrode (in rotation per minute, rpm), ν is the kinematic viscosity of the solution (cm 2 /s), and C O is the bulk concentration of bismuth ion (mol/cm 3 ). 30 The cyclic voltammogram in Figure 2a shows that the Bi 3+ reduction on copper electrode is a single-step, quasi-reversible, three-electron transfer reaction. This has been confirmed in our previous study and other earlier reports. 17, 20 In the present work, it is seen that the introduction of additives does not alter this mechanism. The nucleation process has been found to be closer to progressive nucleation-growth model. 31 It is known that, at higher scan rates, a quasi-reversible redox reaction shows irreversible behavior. Cyclic voltammograms have been obtained ( Figure   S3a -d) at different scan rates for the four systems corresponding to those in Figure 2 . For a diffusion-limited, irreversible reaction,
the surface concentration of bismuth ions is determined by matching the diffusion flux to the flux of three-electron-transfer reduction, given by 
Bard and Faulkner 30 give the current functions for irreversible charge transfer at an electrode.
From the maximum of the current function, an expression for the peak current may be obtained as a function of bismuth ion concentration in the bulk solution as
where n is the number of electrons transferred, F is Faraday's constant, A is the electroactive surface area, C O * is the concentration of bismuth ions in the solution, k 0 is the effective heterogeneous standard rate constant, α is the transfer coefficient, E p is the peak potential and E 0 ' is the formal potential. The effective heterogeneous rate constant for bismuth ion reduction, k 0 , may then simply be obtained from the intercept of a plot of ln i p and (E p − E 0 '). The shapes of the cyclic voltammograms indicate that electron transfer during bismuth deposition occurs in a single step even in the presence of additives. Thus, electroreduction of Bi 3+ from different baths containing additives (see Table 1 for the four different samples A-D studied here) at scan rates ≥ 100 mV/s has been modeled as an equivalent one-step, three-electron-transfer, irreversible process. The magnitude of the effective heterogeneous rate constant then provides an estimate of the net rate of bismuth electrodeposition.
The reduction peak potential and current density for bismuth in the absence of additives are, respectively, − 34.7 mV and − 7.4 mA/cm 2 , while the effective heterogeneous rate constant is estimated to be 0.0504 cm/s. Introduction of citric acid shifts the reduction potential further cathodically to − 54.7 mV and does not change the peak current density significantly (− 7.5 mA/cm 2 ), while k 0 is found to be 0.0337 cm/s. It is seen that additional overpotential is needed to reduce the bismuth ions. Also, the effective rate constant is significantly reduced, indicating that the reduction is slowed down. However, at lower scan rates, this does not seem clear, as the peak current density does not show a significant variation. The slower rate of reduction is masked by the increased number of nucleation sites, as seen in the SEM images ( Figure S5a , compared to Figure 3b ), thereby resulting in a higher peak current. At fast scan rates, progressive nucleationgrowth is further retarded, resulting in smaller peak current densities. We believe that the slower reduction of bismuth is due to the formation of bismuth citrate in solution. Citric acid is known to complex bismuth, 32 in solution to form various bismuth citrate complexes. The complex is also known to polymerize through carboxylate bridges. However, at low solution pH (due to the supporting electrolyte 0.4 M HNO 3 ), the most likely compound to be present is the simple citrate
BiC 6 H 5 O 7 , and even so, it is unlikely that all bismuth ions are present as citrate. The citrate likely exists in an equilibrium with bismuth ions in the solution, with the equilibrium being shifted to the release of the bismuth ions due to the electroreduction followed by growth of bismuth crystallites. There is no evidence of significant adsorption of citrate/complex onto the electrode surface, as seen by the shape of the voltammogram. Thus, the increased overpotential needed for bismuth reduction is likely associated with the dissociation of bismuth citrate and the formation of more nuclei on the electrode surface. At this juncture, it is important to note that as bismuth deposits and the crystallites grow, the electroactive surface area of the electrode changes dynamically, which has not been accounted for explicitly. Thus, these heterogeneous rate constants capture a more complex behavior, including, in this instance, the rate of the preceding reversible dissociation reaction of bismuth citrate, the increased number of nuclei available as crystals grow, and the increase in electroactive surface area due to progressive nucleation.
Introducing polyvinyl alcohol (PVA) further cathodically shifts the reduction potential to − 84.2 mV and reduces the peak current density to − 5.8 mA/cm 2 , and the rate constant to 0.0122 cm/s.
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Deposit Morphologies: Electrodeposition of bismuth has been carried out by passing either a constant current or a pulsed current. The morphologies of electrodeposited bismuth under different conditions have been examined by high resolution scanning electron microscopy (HR-SEM). In all, six different samples have been analyzed, as given in Table 1 . These capture the effects of current density, bismuth concentration, additives, and of pulsing the current. In all the samples, there is clear evidence of bismuth growing in a progressive nucleation-and-growth fashion. The base set of bath and deposition parameters are 10 mM Bi 3+ and 0.4 M HNO 3 , with deposition at a constant current density of 10 mA/cm 2 (Sample A). Under these conditions, micron-sized bismuth hexagonal rods and high surface roughness are formed onto copper substrate (Figure 3a-b) . However, the deposit does not adhere well with the substrate, as seen in Figure S4 (A).
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Deposit Crystallinity and Composition:
where k is a constant (0.94), λ is the wavelength of X-ray (1.5406Å), β is the full-width-halfmaxima (FWHM) of the peak, and θ is the Bragg's angle, 27.15°, corresponding to the (0 1 2) plane. The obtained crystallites vary in size from 30 to 45 nm. In the absence of additives, the crystallite size is 30.2 nm, which increases to 45.0 nm in the presence of citric acid. This is consistent with the slower bismuth reduction, which allows for larger crystallite sizes. As the addition of PVA and betaine promotes nucleation while further slowing effective rate of reduction, this results in smaller crystallites, though better surface coverage. Thus, the crystallite sizes for samples C and D are 38.2 and 37.4 nm, respectively. When the current is pulsed, slower 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 adhere well on copper, form a smooth film with homogeneous surface coverage. Betaine further smoothens and refines the crystallites, while resulting in similar morphologies. The obtained films are crystalline with some surface oxidation of bismuth to bismuth oxide, as revealed by XPS spectra. There is evidence of adsorption of citrate and polyvinyl alcohol on the surface and they are incorporated into the deposits. These provide additional nucleation sites for bismuth crystallites to grow. It is seen that bismuth films deposited from additive-containing baths (citric acid, PVA and betaine) give stronger response to 50 ppb Pb 2+ ion by square wave anodic stripping voltammetry. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Figure 7. Square wave anodic stripping voltammograms of Pb 2+ at 50 ppb on bismuth modified electrodes. Sample codes correspond to those used in Table 1 .
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